Beginning with Katz and Wassink,I several investigators2 -4 have obtained from suspensions and extracts of green photosynthetic bacteria, absorption spectra which suggest the presence of a minor chlorophyll component in addition to the major characteristic pigment, chlorobium chlorophyll (bacterioviridin). The fluorescence emission spectra of whole cells recently observed by Krasnovskii et al.5 are even more suggestive in this respect than the absorption spectra. Isolation of the partially purified minor chlorophyll was accomplished by Olson and Romano.6 This pigment, which has a striking spectroscopic resemblance to bacteriochlorophyll, was named "chlorophyll-770" because of the position of its red absorption peak in ether. In vivo the absorption band at about 810 mIA due to chlorophyll-770 is only .5 to 10 per cent of the main red band due to chlorobium chlorophyll. To test the suggestions that the predominant chlorobium chlorophyll acts as an accessory pigment which transfers excitation energy to the minor component, chlorophyll-770, we have investigated the fluorescence of the protein-chlorophyll-770 complex in
Beginning with Katz and Wassink,I several investigators2 -4 have obtained from suspensions and extracts of green photosynthetic bacteria, absorption spectra which suggest the presence of a minor chlorophyll component in addition to the major characteristic pigment, chlorobium chlorophyll (bacterioviridin). The fluorescence emission spectra of whole cells recently observed by Krasnovskii et al.5 are even more suggestive in this respect than the absorption spectra. Isolation of the partially purified minor chlorophyll was accomplished by Olson and Romano.6 This pigment, which has a striking spectroscopic resemblance to bacteriochlorophyll, was named "chlorophyll-770" because of the position of its red absorption peak in ether. In vivo the absorption band at about 810 mIA due to chlorophyll-770 is only .5 to 10 per cent of the main red band due to chlorobium chlorophyll. To test the suggestions that the predominant chlorobium chlorophyll acts as an accessory pigment which transfers excitation energy to the minor component, chlorophyll-770, we have investigated the fluorescence of the protein-chlorophyll-770 complex in vitro and the complete pigment system in vivo. Transfer of excitation energy in vivo to chlorophyll-770 is shown to occur with a quantum efficiency of at least 30 per cent under physiological conditions, and the fluorescence yield of chlorophyll-770 in vivo is observed to decrease as the intensity of excitation is decreased.
Materials and Methods.-Chloropseudomonas ethylicum, strain 2K, and Chlorobium thiosulfatophilum, strain L, were grown on 0.1 per cent ethanol and 0.1 per cent Na2S203 5H20 respectively, as described previously.4' I A purified protein-chlorophyll-770 preparation was obtained from Cps. ethylicum in the following manner: Fraction 2 of Olson and Romano,6 an (NH4)2S04 precipitate containing the desired protein pigment, was dissolved in 0.02 M phosphate buffer pH 7.8, dialyzed, and adsorbed on diethylaminoethyl cellulose.8 Elution with 0.25 M NaCl yielded an initial blue fraction completely free of chlorobium chlorophyll (see Fig. 1 tion spectra were measured on a Cary 14R recording spectrophotometer with monochromatic illumination of the sample at all wavelengths. Fluorescence emission spectra were obtained with a fluorometer9 based on the design of Duysens and Amesz.10 The spectral sensitivity was determined by placing a tungsten ribbon filament lamp, calibrated for a color temperature of 28700K by the National Bureau of Standards, in the sample position. Assuming that the true temperature of the filament was 28000K, the spectral sensitivity of the fluorometer was calibrated from the emission spectrum of tungsten."' Exciting light (366 or 436 mu) was isolated from a mercury lamp (GE H-85A3-UV) by an interference filter-color filter combination. A red cut-off filter prevented excitation light scattered by the sample from entering the fluorescence analyzer.
The Pyrex sample cell (2 X 8 X 10 mm3 ID) was mounted on the end of a long glass tube which was inserted into a quartz Dewar with unsilvered walls around the sample position at the bottom. For low temperature measurements, the Dewar was filled with liquid nitrogen.
The quantum intensity of the exciting light was determined from the fluorescence of totally absorbing standard samples: for the 366 mu line a packed powder sample Fluorescence emission spectra (dQ/dv) are given in quanta per cm2 per second per unit wave number (;u-') per unit solid angle. Total quantum emission, given by the area under the spectral distribution curves for each sample, was determined by the weighing method.
Results and Discussion.- Figure 1 shows the absorption spectrum of the proteinchlorophyll-770 complex in aqueous solution. The absorbancy ratio D808/D270 is assumed to be a measure of the chlorophyll to protein ratio, estimated to be ap- Figure 3 shows the fluorescence emission of a young culture of Cps. ethylic2m. At the excitation wavelength (436 mu) less than one per cent of the exciting light is absorbed by the chlorophyll-770 in the cells, as may be concluded from a comparison of the spectrum given in Figure 1 and an absorption spectrum of whole cells. Fig. 2 ) rather than to another aggregated form of chlorophyll-660 as suggested by Krasnovskii et al.5 Since essentially all of the exciting light is absorbed by chlorophyll-660 and carotenoid, some excitation energy must be transferred to chlorophyll-770. The enhancement and sharpening of the chlorophyll-770 fluorescence peak in vivo upon cooling to 770K increases the quantum emission to about 3.5 times the room temperature value. If it is assumed that the amount of nonradiative decay of the excited states in vivo is the same as in vitro, this indicates an increase in the efficiency of energy transfer upon cooling. The relative increase in fluorescence emission for chlorophyll-770 is, however, substantially less than for the "aggregated" chlorophyll-660. This may be explained by the observations5' 14 that aggregated forms of pigments show more fluorescence enhancement upon cooling than do the monomeric forms, due to the higher probability of nonradiative decay of the excited state at room temperature in aggregated forms.
For an estimate of the efficiency of energy transfer to chlorophyll-770 from the data of Figure 2 , the quantum intensity of the excitation at 436 mjA is required. The estimated efficiency of energy transfer at room temperature may be too low since nonradiative decay of the excited states of chlorophyll-770 at room temperature may be more probable in vivo than is assumed. The estimates along with a diagram of the excitation energy pathways at 2940K and at 770K are given in Figure 4 . When the intensity of the exciting light is diminished to levels at which the energy utilization for photochemical processes can become competitive with fluorescence emission, Cps. ethylicum (2940K) shows a significant change in the ratio of the peak heights at 769 and 819 m1A. As the intensity of the 436 mu exciting light is decreased from 1018 to 1016 quanta sec-' cm-2, the fluorescence yield of chlorophyll-770 drops as much as 20 per cent, while the yield of the "aggregated" chlorophyll-660 remains constant. The substantial energy transfer from carotenoid and chlorophyll-660 to chlorophyll-770 shown in the present study demonstrates that chlorophyll-770 can serve as a terminal excitation energy acceptor. The fact that light absorbed mainly by chlorophyll-770 in vivo induces cytochrome oxidation' indicates that chlorophyll-770 is an energy acceptor which sensitizes a primary photosynthetic oxidation-reduction reaction. A confirmation of this and an indication that chlorophyll-770 might be the unique energy acceptor which couples the absorbed light energy to photosynthesis is given by the drop in fluorescence yield of chlorophyll-770 in vivo when the intensity of the exciting light is decreased sufficiently.
